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ABSTRACT 
Experimental studies of the isothermal density dependence of 
frequency shift and line-width of the Raman Q-branches of N 2 ~ 02 
and CO gases have been done. Light (514.5nm Wavelength} from an 
Ar-ion laser was focused at the centre of a temperature controlled 
cell containing the sample, andl scattering at 90° was analyzed 
and recorded by photon counting techniques using a piezoelectrically 
scanned Fabry-Perot interferometer, photo-multiplier tube and a 
data acquisition and stabilization system. 
• The isothermal Raman frequency shift- and line-width (FHHM) data 
were collected over a density range of 10 Amagat to 450 Amagat 
(70 psi - 1000 psi) for a set of temperatures close to the critical 
temperature (Tc) for each gas (N 2 , 02 & CO). It was found that the 
density dependences of both the shift and width- exhibited anomalous 
behavior under near-critical conditions. The anomaly reduced for 
temperatures away from the critical temperature, and was found to 
vanish completely in the case of frequency shift at T-T > 3K. 
c-
The observed effects are qualitatively interpreted in terms of 
i 
'local density' fluctuations associated with molecular cluster formation. 
It is assumed that cluster condensation occurs at a particular value 
of density pee~ characterized by a large and sudden change in the 
mean cluster life-time. It is interpreted that for densities 
p < pee' the observed Raman spectrum is mainly due to unclustered 
molecules and for densities p > p ~ the observed Raman spectrum 
cc 
is dominantly due to molecular clusters. Finally, it is concluded 
that the Raman effect could be of great importance as a probe of 
density fluctuations in the critical region. 
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CHAPTER l 
INTRODUCTION 
The study of intermolecular forces by spectroscopic methods 
has been a fruitful field for many years. Such investigations when 
carried out with compressed gases, where the density and temperature 
can be easily and independently varied, are of special interest~ 
There are of course a great variety of spectroscopic methods which 
can be used; these can be classified in a general way as emission, 
absorption and scattering procedures. 
This thesis is concerned primarily \•tith the density dependent 
effects of intermolecular forces upon the vibrational Raman spectra 
of simple gases. The gases chosen for this particular study were 
N2, o2 and CO. 
As is well known, Raman scattering (1, 2) arises in gases as a 
result of the change of the polarizability tensor, caused by either 
rotation or vibration of the molecule. The anisotropic part of the 
polarizability tensor is responsible for the rotational and rotation-
vibrational Raman scattering while variations in the isotro~c part 
cause vibrational Raman scattering. The isotropic Raman scattering 
is highly polarized and occurs in the purely vibrational transitions 
(Q-branch) of the rotation-vibration Raman band of a totally symmetric 
vibration mode. 
The selection rules (1, 2) (6v = +1, 6J = 0, ±2) for the Raman 
spectrum of a vibration a 1 transition a 11 ows for three branches namely, 
S-branch (6J = 2), 0-branch (6J = -2) and Q-branch (6J = 0). The S 
and 0 branches are very much we~ker since their lines are not 
superimposed. They form a series somewhat similar to the R and P 
branches of the infrared bands except that the line separations 
(2) are about twice as large. A Raman vibration-rotation band for 
N2 is represented in Fig. (1.2)~ which shows resolved 0 and S 
branches but an unresolved Q-branch. 
2 
A Raman Q-branch is a series of closely spaced lines corresponding 
to the complete (populated) set of rotational states of the molecule. 
For the 0-.-t- 1 vibrational transition the difference between the rotation 
constants B0 and B 1 ~ responsible for the separation between the Q-lines 
of a free molecule is very small; consequently all the lines of the 
Q-branch are very close. Fig. (1.1) shows a theoretically calculated 
spectrum of the Q-branch for dilute gaseous nitrogen at 77K. When 
the molecule is subjected to collisions in a compressed gas the 
individual lines of the branch broaden; however, when they overlap 
completely, as they do for most molecules at relatively low pressure, 
the phenomenon ·of "frequency degeneracy" (to be explained in chap. 2) 
occurs and the broadening ceases (3). It is for this reason that the 
Q-branch of N2, 02 and CO in the course of this work is observed as 
one unresolved band over all pressures used_ The only molecules for 
which the Q-branches are readily resolved into individual lines upto 
fairly high pressures are H2, o2 and HD. A well resolved Raman Q-branch 
spectrum for H2 is shown in F,ig. (1.3) at a density of 200 Amagat. 
Since the effect of vibrational perturbation is superimposed 
on the Raman Q-branch, it is, in principle, an ideal one to study 
the action of intermolecular forces on molecular vibrations. The 
isotropic Q-lines are broadened and shifted in frequency due to 
molecular collisions. The theoretical investigation of collision 
broadening and shifting of the Raman spectra was done by Van 
Kranendonk and co-workers (3-6) using the so-called impact collision 
FIGURE l.l 
A resolved theoretical spectrum of the Raman Q-branch for dilute 
gaseous nitrogen at 77K. 
(Reprinted from Ref. (21)). 
FIGURE 1.2 
The Raman Vioration~rotation band for N2) which shows resolved -0 
and S branches but unresolved Q-branch. 
(Reprinted from J. Opt. Soc. Am., 58, 311 (1968)). 
FIGURE 1.3 
A resolved Raman Q-branch spectrum for H2 at a density of 200 
Amagat. 
(Reprinted from Ref. (10)). 
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approximation. The theory showed to a first approximation that the 
shifts in the Q-branch are produced only by perturbations of the 
vibrational motions of the molecules. Gray and Van Kranendonk (6) 
have shown that the anisotropic forces which broaden the vibrational 
5 
lines do not contribute to the shifting. A somewhat different approach 
was proposed by Gordon (7~ 8) but exp1icit calculations were not 
, 
performed. Extensive experimental study has also been done. The work 
of the molecular physics group at the University of Toronto is of 
particular interest (9-17). 
The Raman frequency shift measurements of the Q-lines of the 
hydrogen molecule has been well studied by r~ay et al. (9, 10). These 
results were interpreted on the basis of a statistical model, with 
the basic -assumption that the shifts are due entire1y to vibrational 
perturbations. Their mod~l shows that a systematic shift in the 
phase of the vibrational motion which leads to a shift in the vibrational 
frequency is caused by the isotropic intermolecular forces. Experimental 
results on the - Raman frequency shift for H2, N2 and HD molecules (9-17) 
have been interpreted qui.te we 11 by this mode 1. 
With respect to the vibrational Raman spectra in particu1ar, 
there is anrither effect due to collisions which is the optical 
analogue of the motional narrowing in NMR (18). This effect was 
first observed by May (19) for CO and later by Varghese (12) for N2. 
It was shown by Stryland et al. (20) that the width of the Q-branch 
of N2 decreases with increasing pressure. The band profile was found 
to be highly asymmetrical at low pressures, while very neat·ly 
symmetrical at high pressures. Observations of Scotto (21) and 
Clements and Stoicheff (22) have also shown that the band-width is 
further reduced in the liquid state and is much narrower than one 
6 
would expect from the splitting that arises from vibration-rotation 
interactions. 
A partial €Xplanation of the effect was given by Fiutak & Van 
Kranendonk (3), who refer to it as a 11 frequency degeneracy .. phenomenon. 
The first theoretical explanation . of the 11 motional narrowingu of 
the Raman Q-branch was given by Alekseyev & Sobelman _ (23, 24). They 
' have determined the density dependence of Q-branch profile from 
independently broadened components at low densities, to overlapping, 
and then to narrowing of ·the band at high densities. Very recently 
Temkin & Burshtein (25) have also given a theoretical treatment of 
motional narrowing which is in agreement with the similar work of 
Brueck ( 26) . 
Experimentally, motional narrowing has been observed by May et ~-
(27), Wang & Wright (28) for N2 and CO molecules, by LeDuff (29) for 
N2 dissolved in SF6 , by LeDuff & Holzer (30) and by Altmann et ~.(31) 
for H2, o2, HF and N2 molecules dissolved in inert liquids. A qualitative 
agreement has been found between the theory and the experimental results. 
It has been quantitatively analyzed by May and to-workers (14-16) for 
compressed HD where the Q-branch components are well resolved over a 
wide range of densities. A theoretical calculation for Q-branch of 
HD has been presented recently by Bonamy et ~.(43). Recent obser-
vations by Clouter and co-workers (32-33) for pure liquid N2, 02 and 
CO as well as the theoretical work of Brueck (26) indicate that 
motional narrowing may be the dominant effect over most of the liquid 
range. However, at the highest liquid densities, near the triple 
point, a different broadening mechanism comes into play. This effect 
which is referred to as "vibrational dephasing 11 has been investigated 
in some detail by Laubereau and co-workers {34-36}, but since it is 
not particularly relevant to the present work no further elaboration 
will be given. A more detailed resume of the theory associated with 
the vibrational frequency shift and motional _narrowing is presented 
7 
in Chapter 2. Chapter 3 gives a detailed description of the apparatus 
and the experimental techniques ·, used. In Chapter 4 new data for 
the Raman Q-branch near the critical point of N2, o2 and CO molecules 
has been presented. 
The main result of this work is the observation of previously 
unreported anomalies in the density dependence of both the frequency 
shift and width of the Q-branches under these {near-critical} conditions. 
A similar anomaly in intensity of the v 1 band of co2 in pressure 
induced absorption has been reported by Mannik and Stryland (37). 
A qualitative interpretation of the anomaly given in Chapter 4 indicates 
that such measurements may be of great value as a probe of the 
critical phenomenon. 
CHAPTER 2 
THEORY 
Since Raman scattering (1, 2) arises from the polarizability 
of a molecule one can see in a semi-classical way how collisions 
influence the spectrum. The polarizability tensor can be decomposed 
into a spherically symmetric component and an anisotropic component. 
The anisotropic component is a function of the phase of rotation and 
of the orientation of the angular momentum of the molecule. Thus 
either rotationally inelastic collisions or collisions which change 
8 
the orientation of the angular momentum (or phase of rotation of a 
molecule) will broaden and ~hift the rotational Raman lines. Similarly~ 
vibrationally inelastic collisions or collisions which shift the phase 
of the vibrational motion will broaden and shift the vibrational 
Raman lines. 
There is also an indirect effect due to the rotation-vibration 
interaction which leads to the motional narrowing phenomenon. Molecules 
with different quantum number J will have slightly different vibrational 
frequencies, and rotationally inelastic collisions will cause the 
molecules to hop from one vibrational frequency (in the same vibrational 
level, due to very long 1 ~ 0 relaxation time) to another. As the 
collision frequency increases the individual components of the Q-branch 
start overlapping, and in the region where the rotation-vibration 
interaction is comparable to the collision frequency the overlapping 
is complete and motional narrowing starts. In the following two 
sections, the Raman frequency shift and motional narrowing are dealt 
with separately. 
2.1 Frequency Shift due to the Isotropic Intermolecular Forces 
In a practical sense the perturbation of the vibrational 
frequencies of molecules is the most i mportant of the spectral 
effects of the intermolecular forces. May et ~.(9, 10) and Welsh 
et ~. (ll) have measured the frequency shift of the individual 
Q-branch components of. compressed hydrogen molecules. Their 
interpretation was based on the' principle that the frequency shifts 
associated with isotropic Raman scattering arise entirely from 
perturbations of the vibrational motion by isotropic interactions. 
It has in fact been shown by Gray & Van Kranendonk (6) that the 
anisotropic forces do not contribute to the shifting. 
It was determined that the observed shift of a given Q-branch 
component (e.g. of H2) could be expressed in a virial type expansion 
in powers of the density (9, 10, 38), . 
(2 .l) 
where, v(J) is the Raman frequency of a free molecule in rotational 
9 
state J, aJ an~ bJ are J-dependent and temperature dependent constants. 
The co-efficient aJ has been found to be of the form, 
a = a. + a (mJ/m) J 1 c 
where, ai and ac are constants and mJ/m is the relative population 
of the initial rotational state J. The first term in equation 
(2.1) arises from binary interactions (9, 10), \'Jhereas the second 
term gives the contribution due to triple interactions w~ich includes 
the contributions from the non-additive intermolecular forces 
( 38' 39). 
10 
(a) The Linear Coefficient, a 
The coefficient a that describes the frequency shift due to 
binary interactions can be determined by assuming that the molecul~ 
is an anharmonic oscillator with an internuclear potential of 
the form; 
, 
U = f(r-re) 2 + g(r-re) 3 + j(r-re)4 + •.... (2.2) 
The isotropic intermolecular potential of a pair of molecules 
1 and 2 distant R12 apart can be written as, 
Vl2(R12) = V~2 + (aV12/arl)e(rl-re) + (l/2)(a2V12/ari)e(rl-re)2 
2 
+ •..• +(a vl2/arlar2)e(rl-re)(r2-re) 
+ .•.. + (av 12;ar2)e(r2-re) +..... (2.3) 
where r1 and r 2 are internuclear distances of the two molecules. 
In the calculation of the shift due to the isotropic forces, for 
binary interactions (apart from a 'coupling' effect to be discussed 
later) one can write for the potential energy of the perturbed 
molecule 1 with the help of equations (2.2) and (2.3): 
Ul = f(rl-re)2 + g(rl-re)3 + j(rl-re)4 + V~(rl-re) 
+ (V~/2)(r 1-re) 2 +. ..•. (2.4) 
I 
where, .v1 = av 12;or1, etc. 
The perturbation of the frequency of a Q-transitibn of molecule 
1 by the second molecule due to istropic intermolecular force is 
found to be , 
(2.5) 
where, c1 and c2 can be calculated from the known constants of 
the free molecule. Expressing the intermolecular potential in 
the Lennard-Janes form 
and differentiating V with respect to r1 one gets after substituting 
in equation (2.5}, 
or one can write 
!:,v. 
1 
(2.6a) 
(2.6) 
Thus t:,v. can be represented by the difference of two terms due 
1 . 
to the repulsive and attractive forces and characterized by the 
parameters, Krep and Katt" 
The mean value of the total shift is obtained by summing the 
t:,v. over all perturbing molecules, multiplying the result by the 
1 
11 
molecular distribution function and integrating over all configuration 
space. This amounts to weighting equation (2.6) with the pair 
coPrelation function g(R12 ) and integrating over the variable R12 . 
An important assumption is made here that g{R12 ) can be expanded 
as a power series in the density that takes the form, 
(2.7) 
After going through the procedure mentioned above one finds that 
. a; can be expressed as 
a = K I K I i rep l - att 2 (2.8) 
where, 11 and 12 are temperature dependent integrals given by, 
I= L2JRl~- exp(-V{R12 )/I<T) {exp(-V{R13)/I<TFl} 
2 
. {exp-(-V(R2)/kT)-1} ~nR 12dR12dx13dy13dz13 , (2.9) 
with q=l2 and q=6 for I1 and I2, respectively. 
For the calculation of the small 'coupling' term a , 
c 
the potential energy used is; 
If the L-J potential is assumed for the interaction as was done 
for ai, after applying the same statistical procedure as that for 
a;, the mean shift due to coupling can be obtained as 
II II 
twc =(wef8f){A12I1 - 812 I2} (mJ/m) 
II II 
and ac =(we/8f){A12r1 - 81212} 
where, I1 and 12 are the same tempe~ature dependent integrals as 
above. 
(b) The quadratic coefficient, b 
The coefficient ~describes the contribution to the shift 
from the triple interactions including the non-additive contribution 
and can be expressed as, 
12 
b = L2J~v(R12 ) f~l) (R12 ) 4n R~2dR 12 + L2JJ{~v(R1 R2R3 ) - ~v(Rl2) 
(0) 2 2 2 f 3 (R1R2R3) l6n R12 R13 dR12 dR13 (2.11) 
where, Lis Loschmiclt's numberi and the ~uantities Av(R1R2R3) and 
Av(R12 ) = Av(R1R2), denote the vibrational frequency shift in a 
cluster of three and two molecules respectively. The function 
f~k) (R1 ..... Rh) is given by 
y = ~ f~k) (pl)h+k 
h k=O 
where, yh is the configurational probability density; for h=2 it 
is the same as the pair distribution funct~on g(R12 ) menti6ned 
above. The first term in the expression forb in equation (2.11) 
is due to the density dependence of the pair distribution function. 
The-second term gives the contribution from the non-additive part 
of the shift in a cluster of three molecules. 
The non-additive intermolecular potential~ Vna(R1R2R3) in 
a triple interaction is defined by 
As a model the theoretical expression taken for Vna is (40) 
where i =(3/2) (E1+E2+E3) E1E2E3a 1a 2a 3/(E1+E 2) (E2+E3) (E3+E1) 
3 and h(R1R2R3) = (3cos91cos92cos9 3+l)/(R12R13R23 ) 
13 
In the above expressions, ~and ~denote the ionization energy and mean 
polarizability of molecule,i and e,, 92 and 93 are the internal 
angles of the triangle formed by the three molecules. 
Representing the additive intermolecular potential by a L-J 
model, one finds that 
14 
I II 
where, Krep and Katt are the same as for a; and Kna = C1i + C2i , while 
c1 and c2 have the same meaning as it is in the case of a1 and the 
dash denotes differentiation with respect to the internuclear dis-
tance in the central molecule. 13 .•. 17 are temperature dependent 
integrals similarto 11 and 12 (lq,39). 
It is worth noting that in the present work, the linear term 
is by far the most important. For interest sake, the magnitudes 
of aj and bj for H2 at 85K are -9.76 X 10-
3 cm- 1/Amagat and 6.28 
X 106 cm-1/Amagat respectively, for J=1 (10). The repulsive part 
of aj is found to be strongly temperature dependent while the 
attractive part remains practically constant. 
2.2 Motional Narrowing 
It was Alekseyev and Sobelman (23,24) who first gave the 
theoretical explanation of motional narrowing treating the collisions 
between the molecules as binary and instantaneous with a simple 
two level mode]. Very recently Temkin & Burshtein (25) have developed 
a theoretica-l treaitment of the motional narrowing of the Raman 
Q-branch in the strong-collision approximation. 
I 
When J -J transitions occur because of inelastic rotational 
collisions, a change in the free molecule Q-transition frequency 
takes place. If the collisions are strang enough, then the prob-
Note: Section 2.1{b) has been outlined only in brief since it is 
not necessary for subsequent analysis. 
ability of changing the frequency coincides with equilibrium 
Boltzmann distribution ~(J), given by 
~(J) = s(2J+l) exp· t-sJ(J+l)} 
2 
where, B = h /2IkT 
T, is the temperature and I is the moment of inertia of the 
molecule. The spectrum can be given by 
'•00 
G(v) = (1/n) ReJ0dQ(t)exp(-iv(t+2~/2kT))dt = F{v)exp(~v/2kT) 
where, dQ(t) is the correlation function of the polarizability 
tensor, and F(v) was found to be, 
and TJ is the relaxation time of the rotational angular momentum 
and v0 is the frequency of the individual Q-branch components in 
the free molecule limit, given by vQ = aeJ{J+l). · 
Now consider the two limiting cases of densities namely the 
very low density case (y~) and the high density case {y >> 1). · 
In the low density limit F(v) reduces to the intensity distribution 
of a free classical rotator. While in the high density limit 
the half width of -the isotropic band is given by 
15 
and the peak frequency of the band shifts from vQ by an amount 
(vQ - ~Q), where vQ is the peak vibra.tional frequency of the Q-band 
for the free molecule. Considering the case of gases 
where, v = average thermal velocity 
aJ = cross-section for the scattering with change of 
rotational state 
and p = gas density. 
The full-width at half maximum (FWHM), r, is given by 
l . - 2 
r = 2(poJv)- {(a /B )(kT/~)} . 
e e 
Hence, we see that the width of the isotropic band decreases 
inversely as the density increases. This is what is called 
the "motional narrowing" effect. It has been observed for 
gaseous N2, CO and HD (13-17, 27, 28) and for liquid N2, _ 02 and 
co ( 21 , 32' 33) . 
Apart from motional narro~;~Jing, at very high densities the 
band may show some pure vibrational broadening. It has been 
reported for liquid 02 and N2(32). At very high densities (e.g. 
liquid) where motional narrm-1ing is complete the Raman line-width 
may be due to the "vibrational dephasing" as claimed by Laubereau 
& co-workers (34-36) for liquid N2. However, it is the motional 
narrowing mechanism which is of greatest importance in the present 
case; therefore, no further elaboration of vibrational dephasing 
will be given. 
16 
CHAPTER 3 
APPARATUS AND EXPERIMENTAL TECHNIQUE 
The overall arrangement of the apparatus used in this research 
is shown schematically in Fig. (3.1). Briefly, light from a 
single mode Ar-ion laser was focused at the centre of a temperature 
controlled cell containing the sample. The Raman scattered light 
17 
at 90 degrees was analyzed by a piezo~lectrically scanned Fabry-Perot 
interferometer (Burleigh Model RC-10). Photon counting techniques 
were used, with cooled ITT FW 130 photomultiplier tube (PMT) as 
the basic detectur followed by an amplifier/discriminator (Princeton 
Applied Research Model SSR 1120) and a Fabry-Perot Data Acquisition 
and Stabilization System (Burleigh Model DAS-1). · The apparatus 
and experimental techniques used will be described in some more 
detail under following headings: 
1. Laser 
2. Inteferometer 
3. Photomultiplier Tube and Detection System 
4. Data Acquisition and Stabilization System 
5. Scattering Cell and Temperature Control 
6. Cryostat 
3.1 Laser 
The incident light source used for the Raman line-width 
and frequency shift measurements, was an Ar-ion laser (Model 
165-08 Spectra Physics). Basically, it consists of a high current 
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FIGURE 3.1 
Block diagram of the overall experimental set-up. 
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gas discharge tube, excited with a direct current of about 25A 
and placed in an optical cavity of length 1.18 m. The principle 
laser emission was in the blue-green region of the visible spectrum. 
By the use of an 1ntracavity prism one particular laser line at 
514.5 mm was selected out of several individual lines, and was 
used throughout this research. The laser action of this line was 
restricted to one mode by using a temperature controlled intercavity 
etalon assembly (Model 589, Spectra Physics). The laser ~as found 
to be very stable and 11 mode-hopping" was absent for many hours 
of operation. The average width of the laser line due to high 
frequency "jitter" was found to be about ±5 MHz. 
The laser beam, always polarized perpendicular to the 
(horizontal) ica~tering plane, was focused at the centre of the 
sample ce 11 by a 1 ens (Li) of foca 1 length 29.4 :em, through an 
aperture (A1). The Raman scattered light at 90 degrees was 
passed through a filter of about 10 mm band-width and was then 
collected by a second lens (L2) of focal length 50 em, through an 
aperture (A2) and then directed into a Fabry-Perot interferometer 
for centre spot scanning. 
3.2 Interferometer 
The Fabry-Perot (FP) interferometer, basically, consists of 
two partially transmitting mirrors held parallel to each other 
in an invar structure. If the FP cavity is illuminated by a beam 
of monochromatic light, it will transmit the beam when the condition 
for constructive interference 
2nd cose = rnA. ( 3.1) 
20 
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is satisfied. 
n is the refractive index of the medium between the two surfaces, 
d is the mirror spacing~ 
e is angle between the transmitted beam and the normal to 
the surfaces, 
m is the order of interference, 
_and A is the wavelength .of thi transmitted light~ 
Since the light transmitted -along the optical axis (i.e. e=0°) 
-
was studied, therefore equation (3.1) reduces to, 
rnA= 2d, (n = 1, for air). 
BY varying the spacing (d) the order number and transmitted 
wavelength 0 corresponding to e = 0 are changed. Scanning is 
accomplished in moving one mirror with respect to the other by 
applying a highly linear sawtooth sweep voltage to the three 
piezoelectric elements (PZT's), supporting one of the mirrors 
at 120° spacings about its circumference. To a good approximation, 
the mirror separation (d) varies linearly with the voltage applied 
to the PZT's. Alignment of the mirrors to A/250 parallelism is 
achieved first by differential screw adjustments and then by means 
of applying independent adjustment biases to each of the PZT's. 
The later operation was performed by the use of the Data Acquisition 
and Stabilization System (to be described later). 
The main characteristics of the Fabry-Perot interferometer 
are its Spectral Free Range (SFR), and its Finesse (F)·. The SFR, 
defined as the separation (in frequency or wavelength units} 
between two consecutive maxima, is given by 
SFR = C/2nd :-, (in Hz·) 
where, C is the velocity of light in vacuum. In these experiments 
several different SFR's were used by changing the mirror _spacing. 
The instrumental width defined as the line-width (full width at 
half maximum) of a monochromatic light, is given by; 
l:!.v => SFR/F 
where, F is finesse. Consequently, we see that the finesse is 
the fundamental measure of the interferomete~ resolving power. 
The finesse is determined and limited, mainly by (1) mirror 
reflectivity of less than unity, (2) lack of parallelism and 
flatness of the mirror surfaces and (3) diffraction loses due to 
finite aperture of the interferometer. Contributions {1) and (2) 
are usually dominant. In this experiment A/200, 2-inch plates 
.with .98% reflectivity were used such th~t contribution (1) and (2) 
are approximately equal and the total finesse is given by· 
F-2 = Ef:2 (F1.'s are the individual contributions). An over all i 1 
finesse of F ~ 60-70 was attained throughout these experiments. 
Further detailed description of the F-P interferometer can be 
found in the M~Sc thesis of I.E~ Morgan (41). 
2.3 Photomultiplier Tube and Detection System 
The light passing through the Fabry-Perot interferometer 
was focused with a l~ns (L3) of focal length 78.3 c~ onto a 
pinhole (A3) placed in front of a photon detector. The detector 
used was a sensitive, low dark count, photomultiplier tube (PMT) 
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(ITT FW 130, Electro Optical Products Div. ITT). The low dark 
count was mainly due to the small photo-cathode area ( 0.25 em 
diameter). The tube was mounted in a thermoelectrically cooled, 
RF - shielded chamber (Model TE 104 RF, Products for Research). 
Consequently, controlling the temperature of the cathode to (-20 
±0.5)°C further reduced the dark count to a value of about l count 
I 
per second. 
A lens of focal length 7 em was installed in the front end 
of the RF chamber to focus the light, coming through the pinhole 
(A3), on the small cathode area. The signal from the phototube 
was amplified and pulse-shaped by an amplifier/discriminator (AD) 
(Model SSR 1120, Princeton Applied Research) which was placed close 
to the phototube to prevent the attenuation of weak signal and 
stray pick-up in the leads. The amplified signal from the AD 
was fed to the scalar of the DAS-1 syste~ in the form of l volt 
pulses (each pulse corresponding to a detected photon). 
3.4 Data Acquisition and Stabilization System 
Basically, the DAS-1 (Burleigh Instruments Inc.) provides 
for a digital voltage sweep to scan the Fabry-Perot, automatic 
correction for thermal drift of the mirror spacing and frequency 
drift of the source, automatic finesse optimization of the Fabry-
Perot, and a 1024 channel multichannel analyzer (MCA) to accumulate 
and manipulate the data. The instrument was designed for recording 
weak spectra and hence repetitive scanning of the Fabry-Perot 
interferometer is employed. 
A ramp voltage supplied by the DAS-1 is used to drive the 
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.PZT's of the Fabry-Perot through a high voltage amplifier. Each 
of the 1024 channels are sequentially addressed in synchronism · 
with the scanning of the FP by the same ramp voltage. Each time 
a photo-pulse ·arrives a count i .s added to the memory channe 1 cor-
responding to that section of the ramp voltage. The number of 
the incremented channel correspqnds . directly to the ramp voltage. 
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As a resuit, the frequency spectrum of the scattered light accumulates 
in the memory of the DAS-1. Data -acquisition is prohibited by 
logic circuitry during the fly-back portion of the ramp wave-form. 
The axial drift stabilization portion of the DAS-1 eliminates 
the effect of long term frequency drift of the laser or axial drift 
of the interferometer cavity. It does this by centering a given 
line in the spectrum (in this case a laser component} in a sensing 
window consisting of a group of channels bracketing the peak of 
the line. After each sweep the instrument performs a comparison 
of the number of counts in each half of the window and any tendency 
of the chosen line to drift from the center of the window is 
nullified by the application of a corre~tion bias to the PZT's 
of the FP interferometer. The magnitude of the correction bias 
can be adjusted by a factor of 16:1 in steps of 2x depending on 
the ramp repetition rate and the drift rate. 
Finesse optimization (i.e. correction for misalignment of 
the interferometer cavity) is done by a similar technique as axial 
drift stabilization. Counts in the finesse window centered on 
the reference 1 ine are accumulated on each sweep-. On every second 
sweep, a small test voltage is applied to the PZT elements to tilt 
the mirrors first in ¢ direction and then in e direction. The 
logic circuit compares the counts and tries to maximize the number 
of counts by applying proper correction voltage. 
The DAS-1 also incorporates a provision (Segmented Time Base) 
that allows the ramp to slow down for specified regions of the 
spectrum; speed ratios and the extent of the fast and slow regions . 
are manually adjustable. Since the ramp addresses both the FP 
and the channel numbers, the display remains linear in frequency. 
As the count rate was very low in these experiments, the 
above provision was used to reduce the time for spectra recording. 
The spectrum is simultaneously accumulated in the DAS-1 memory 
and is continuously displayed on a CRT. An intensified spot 
called 11 Bug" can be positioned to address any channel of the 
memory. The alphanumeric portion of the CRT displays the Bug channel 
number, the total number of counts in that channel, and the full 
scale of the CRT display. Background subtraction is another useful 
feature of the DAS-1. The output from the DAS-1 is fed to a strip 
chart recorder to record the spectrum permanently. 
3.5 Cell and Temperature Control 
The scattering cell used in these experiments (Fig. 3.2) was 
specially designed by Clouter et ~.(42) to withstand the large 
temperature and pressure variations. The cell was of miniaturized 
design for mainly three reasons: (1) the effect of differential 
thermal expansion between the different materials involved would 
thereby be considerably reduced; (2) in view of the type of the 
cryostat and the cooling method employed, small sample dimensions 
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FIGURE 3.2 
The Scattering Cell (vertical section) 
I Gas inlet tube. 
p Brass post (one of two). 
F Free gap. 
Q Quartz window. 
G Epoxy resin cement 
Cu Copper foil. 
In Indium solder. 
Wp BeCu window plate. 
0 Indium 0-ring. 
T1 Platinum thermometer well. 
T2 Secondary thermometer well (not used in present experiments). 
The control thermometer (GaAs not shown) was located on the 
front face of the cell between the posts P. 
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would serve to minimize the thermal gradients which could otherWise 
contribute significant errors in the temperature measurements; 
and (3) the working space within the cryostat was somewhat small. 
The cell was machined entirely from a 5 em length of 2.5 em diameter 
BeCu alloy. The scattering volume was located at the intersection 
of three mutually perpendicular holes; two horizontal,one vertical. 
The horizontal holes were of 3.2 mm diameter. The four openings 
in the horizontal holes were then sealed by quartz windows (Q) 
(10 mm diameter and 3.2 mm thickness). The manner in which a 
reliable seal was obtained between each of the quartz window 
and the cell body is shown in the Fig. (3.2). A ring of 0.025mm 
copper foil was soldered with pure indium to the inside surface 
of each of four BeCu window plates (WP) and the windows were then 
attached with epoxy resin cement to the copper foil. Each of the 
window plates were sealed against the cell body via an indium 
0-ring (0) and four steel screws (#2-56); the mating surfaces 
were pretinned with indium. 
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The mechanical . flexibility of the indium/copper foil/epoxy 
sandwich proved sufficient to relieve any stress due to differential 
thermal expansion between the BeCu and the quartz. In addition, 
the formation of this seal on a separate window plate instead of 
directly against the cell body resulted in the internal pressure 
assisting rather than inhibiting the seal. Also, the cell was 
surrounded by the cryostat vacuum so that when the cell was evacuated 
there was no back pressure which would tend to break the window 
seal. 
/
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The laser beam passed straight through the cell via two 
windows; the light scattered at 90 degrees through a third window 
was analyzed by the FP and the fourth window was used for visual 
observation of the sample and for alignment purposes. The gas 
inlet tube I (3.2 mm diameter stainless steel~ 0.15 mm thick wall) 
was hard soldered into the top of the cell providing communication 
with the gas handling system. 
Thermal contact between the cell and the cryostat was made 
by two copper braids which were soft soldered to the posts (P) 
(180 degrees apart) and extended upwards up to about 5 em at which 
point they were attached to a heat sink at the bottom end of a 
heat exchange column of the cryostat. Two electrical heaters of 
resistance 25 ohms each were wound on the posts and connected in 
series; these were used in conjunction with a GaAs thermometer 
to control the cell temperature (see Fig. 3.3). 
The GaAs diffused junction thermometer is a diode whose 
forward voltage changes with temperature when a constant current 
is passed through it. In these experiments the constant current 
was lO~A. The signal was fed to a differential voltmeter, and 
was compared with highly stable internal set point voltage; the 
difference (i.e. the error signal) was fed to an amplifier and 
the amplified signal was used to regulate the amount of current 
flowing through the heaters wound in series around the posts. 
This automatic control of temperature was stable to within about 
0.02K for a few hours. 
A platinum resistance thermometer, T1, to measure absolute 
temperature, was mounted on the cell as close as possible to the 
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scattering site. This thermometer was calibrated (Cryogenic 
Calibrations, Pitchott, England) according to the_ International 
Practical Temperature Scale (1968) to a claimed accuracy of ±8mK. 
The temperature measurements were made on a null detector (Medistor 
Model A75A) before and after each spectrum. 
. - - . 
The gas inlet tube was externally connected to the sample 
gas supply as well as to a series of three Bourdon tube gauges 
which permitted accurate (0.2% to 0.5%) measurements of pressure 
in three stages (0-60 psi, 0-300 psi and 0-1000 psi) over the 
range from 1 to 50 bars. A pressure fuse of the rupture-disc 
type was installed to prevent accidental pressure build-up in 
excess of 70 bars. 
3.6 Cryostat 
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The scattering cell was suspended in the tail section of a va-
riable temperature cryostat (Andonian Associates, Model IV-4-0500) 
(Fig. 3.4) by way of a vacuum 0-ring seal whose flexibility permitted 
some vertical and rotational adjustments for alignment purposes. 
The gas inlet tube was surrounded by an annular exchange gas 
chamber, G, and was insulated from it by a vacuum space (H). 
The exchange gas chamber was closed at the end by relatively large 
brass ring, which served a~ a heat sink for the system. The gas 
exchange chamber was surrounded by concentric liquid nitrogen 
coolant reservoir. The thermal contact between the liquid coolant 
(J) and the exchange gas was attained by a common wall. The 
outer reservoir (F) which was not used in the present experiment 
was replaced by an aluminum radiation shield. 
FIGURE 3.4 
The Cryostat. 
A Electrical feedthrough. 
B Exchange gas port. 
C Nitrogen fill and vent. 
D Nitrogen vent. 
E Nitrogen fill. 
F Nitrogen reservoir (outer). 
G Exchange gas chamber. 
H Vacuum gap. 
I Sample support tube. 
J Nitrogen reservoir (inner). 
K Outer tail section. 
L Nitrogen temperature radiation shield. 
M Heat sink. 
N Sample cell. 
0 Quartz window (one of four). 
P Copper braids. 
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Fig. 3.4 
The internal volume of the cryostat was evacuated to 10 -5 
torr by a portable vacuum system (Diffusion-Rotary Pump~ Alcatel 
Model 5477). The exchange chamber was filled with oxygen gas 
which established a thermal link between the cell and main coolant 
(liquid nitrogen) reservoir of the cryostat. Oxygen gas in 
the exchange chamber condenses on the cold wall of the liquid 
nitrogen reservoir (J) and falls to the heat sink (M) to which 
the cooling braids of the cell are connected. The sink temperature 
goes down on evaporation of the oxygen droplets. Coarse control 
of the cooling power, thus provided to the cell, could be achieved 
by varying the pressure of the heat exchange gas (oxygen). This 
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way, temperature down to 85K was easily obtained, while temperatures · 
down to 78K were achieved by lowering the vapour pressure of the 
coolant via a vacuum pump. 
4.1 Procedure 
CHAPTER 4 
·RESULTS AND DISCUSSION 
The sample gases used were supplied by Matheson Gas Product 
with purities of 99.9995% for N2, 99.99% for 02 and CO. The 
pressure of the gas in the cell was recorded with an accuracy of 
I ~ l psi by Bourdon tube gauges as described in Chapter 3. The 
temperature stability was controlled using a GaAs thermometer and 
monitored with a platinum resistance thermometer indicating a 
stable temperature within about ±0.02K. 
The experimental technique used is described in Chapter 3. 
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Since the DAS-l needs a spectral line with at least 10 counts/sweep for 
drift stabilization and finesse optimization, the laser line was 
chosen as a reference line rather than the Raman line itself because 
of its very weak intensity. With the help of a shutter mechanism 
shown in Fig. (3.1) a small percentage of the laser light was allowed 
to pass through the Fabry-Perot interferometer for a brief interval 
of the sweep, so that only one order of the l~ser line could be 
seen on the CRT screen of the DAS-1, which was then used as a 
reference line. The amplitude of the ramp voltage was chosen such 
that two orders of the Raman band could be recorded. Use of the 
11 Segmented Time Base 11 option of the DAS-1 was a great help in 
saving time in recording the Raman spectrum because of its very 
weak intensity. After the optics were adjusted for maximum finesse, 
the drift stabilization and finesse optimization windows were centered 
on the reference laser line. 
To study the frequency shift and line-width dependence on 
density near the critical temperatures of N2, 02 and CO gases, 
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Raman spectra were accumulated in the DAS-1 memory normally for 
about 1 hr, for different pressures keeping the ternperature constant. 
A few sets of temperatures were taken for all the three gases. 
Being very close to the criti€al point it was necessary to wait . 
about 1 hr to reach thermal equilibrium and run another spectrum 
after changing the gas pressure. 
Actual measurements of the spectra were made directly on the 
DAS-1 CRT screen using the readout features described in C~apter 3. 
For the frequency shift measurements it was made sure that for a 
given temperature the order of the Raman spectra remained the same 
for different gas pressures except for slight change in peak 
positions due to the density effect. The Bug was placed on each 
peak of a given spectrum and the channel number as well as the 
corresponding number of counts in that channel were recorded. 
Assuming the frequency shift of the Raman Q-branch to be zero for 
the highest possible density that could be reached, by reducing 
the density the Raman Q-branch was shifted from the previous position. 
By recording the channel numbers of . the two peaks · of successive 
orders of the Raman line, the number of channels the Raman line 
shifted by reducing the density, was measured. 
Figure 4.1 shows a typical Raman Q-branch spectrum for two 
different densities. The frequency shift was calculated as follows: 
I I 
~vin ch# = {(Tl-T2) + (Tl- T2)}/2 
I I I 
~v =({(T1-T2) + (T1-T2)}/2(T1-T1))X SFR (GHz.) 
FIGURE 4.1 
Typical Raman Q-branch spectra for two densities with the 
same reference line. The spectrum shown with dashes is at density 
pl while the other spectrum is at density p2. Various measurements 
made to determine the frequency shift and line width ~re shown. 
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Data for the Raman frequency shifts \'/ere co 11 ected for different 
densities as described above. Considering the shift to be zero for 
the highest gas density (approached), the gas pressure was reduced 
in succession down to a density as low as ~10 Amagat for all three 
(N 2, 02 & CO) gases till the Raman Q-branches showed asymmetry and 
also became very weak. This frequency shift was plotted against 
density and was extrapolated for ' zero density. The origin of the 
frequency shift scale was, then~ shifted to the zero density value. 
For the line-width measurements, the full width at half maximum 
( FWHr~) was found from the spectrum recorded on the CRT screen of 
the DAS-1. The Raman line peak counts were added to the background 
counts and for half of this sum one position on each side of the 
peak was 1 oca ted in channe 1 numbers. The difference between these. 
channel numbers gave the FWHM in number of channels. This way the 
width was found for both the orders and an average of the two was 
taken. FWHM was converted in GHz as follows: 
I I 
r(pl) = {(r1+r 1)/2(T1-T1)l X SFR GHz 
similarly, 
I I 
r(p2) = {(r2+r2)/2(T2-T2)l X SFR GHz 
where, r(p) is the nm~-1 at density p. The instrumental width was 
determined from th~ width of the reference laser line by the same 
above procedure. In this experiment this width is mainly due to 
the resolution of the Fabry-Perot interferometer and was about 
1.8 GHz which was always less than 20% of the measured Raman line 
width r (p), except for very high pressures in case of N2. This 
instrumental width was subtracted from the r(p) to give corrected · 
Raman line-width (48). 
4.2 Data 
The experimental results for relative Raman shift and line 
width (n~HM) are presented in Tables (4.2-4 . 4) against density (p). 
These data for the relative frequency shift (v-v ) and the line 
0 
width (r) were plotted against density (p) and reduced density 
(p/ p ) and represented graphically in Figs. (4.2-4.8), showing the 
c 
anomaly due to the critical effects. The quantity pc is the critical 
density given in Table (4. 1). 
Gas densities were determined using the published PVT data 
for o2(45) while ·the equations ·of state were used ·for N2(46) and 
CO (47). It is estimated from the scatter of the data that the 
random experimental errors in measurements of relative frequency 
shift and line width are about 2% and 7% respectively. The critical 
fluctuations as well as the experimental errors in determination 
of density may cause a considerable uncertainty in density measure-
ments. It is estimated that this uncertainty in density may be 
as high as 15% (particularly in the case of CO) close to the critical 
density. 
The anomaly, which occurs close to the critical temperature 
(Tt), is quite reproducible and it is very unlikely that the 
experimental errors could account for this anomaly. It is the 
qualitative features of the observations that are to be emphasized 
in this thesis. 
4.3 Discussion 
In the treatment to follow those ideas pertaining to the 
interpretation of the observed anomaly are due mainly to Clouter 
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TABLE 4.1 
List of critical density (p ) and critical temperature (T ) 
c c 
and the calculated values of (vQ-vQ) for N 2 ~ 02 and CO gases. 
Gas PC 
(Amagat) 
250.9 
304.2 
239.6 
126.25 
154.57 
132.85 
12.43 
17.74 
12.67 
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TABLE 4.2 
List of the relative Raman frequency shift (v-v
0
), and the 
Raman line-width (FWHM), r, data at different densities (p) for 
Nitrogen (N 2) at three different temperatures. 
a) For T-T = c 0.73K 
b) For T-T = c l. 80K 
and c) For T-Tc = 5.73K 
42 
43 
a) r .... rc = o.73K 
* p* p/pc \)-\) r 0 
(Amagat) (GHz) (GHz) 
0 0 0 
16.25 0.065 -6. l 9.5 
21.83 0.087 -7.6 ,. 9.9 
29.02 0.116 -10.2 · 9.4 
40.17 0.160 -12.4 9.3 
51.78 0.206 -14.6 10.4 
66.41 0.265 -17.2 8.9 
78.94 0.315 -19.21 7.9 
95.20 0.379 -21.4 -
95.20 0. 379 -21.4 8.1 
110.29 0.440 -23.1 8.5 
142.8 0.569 -24.7 8.9 
189.2 0.754 -26.5 8.2 
235.7 0. 939 -29.5 9.4 
258.9 1.032 -31.6 10.9 
269.3 1.074 -33.9 11.7 
284.4 1. 134 -41.5 12.5 
296.0 1.180 -45.3 8.1 
318.1 1.268 -46.8 
349.4 1. 393 -47.7 5.3 
366.8 1.462 -48.5 5.4 
377.3 1.504 -48.5 5.6 
377.3 1.504 -48.5 5.2 
389.4 1.552 -48.7 5.0 
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Continued 
p PIPe v-v r 
(Amagat) (GHz~ (GHz) 
397.0 1.583 -49.0 4.6 
402.8 1.606 -50.1 4.2 
407.5 1.624 -50.5 4.6 
412.6 1.644 -50.7 4. 1 
416.1 1.658 -50.9 3.9 
419. l 1.670 -51.1 3.3 
419.1 1.670 -51.1 4. 1 
423.7 1.689 -51. 3 3.5 
427.5 1.704 -51.3 3.5 
430.0 1.714 -51.5 3.5 
433.5 1.728 -51. 4 3.7 
436.1 1.738 -51. 7 3.8 
438.8 1. 749 -52. 2 3. 7 
441.6 1.760 -52.6 3.4 
444.2 1.770 -52.3 3. 7 
446.5 1.780 -52.5 3.5 
448.8 1.788 -52.8 3.0 
451.1 1. 798 -53.1 3. 3 
453.2 1. 806 -53.1 2.9 
* See page 40 for discussion of errors. 
45 
b ) T- T c = 1. 80 K 
p v-v 0 r 
(Amagat) (GHz) (GHz) 
0 0 
13.23 -4.7 
19.74 -6.8 10.0 
29.02 -9.9 9.8 
39.01 -11.9 8.8 
51.08 -13.8 8.0 
. 64.32 -16.0 8.3 
80.11 -18.6 8.3 
99.84 -21.1 8.6 
120.7 -24.1 8.7 
120.7 -24. 1 9.1 
135.8 -25.9 9.1 
150.9 -27.9 9.0 
164.8 -29.1 10. 1 
197.4 -30.7 10.8 
222.9 -32.5 11.6 
236.8 -35.4 12.3 
250.8 -39.1 11.3 
268.2 -41.7 10.0 
285.6 -43.3 8.5 
319.3 -45.4 7.3 
344.8 -46.2 7.2 
365.2 -48.0 5.5 
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continued 
p \)-\) r 0 
(Amagat) (GHz) (GHz) 
379.9 -49.0 5.6 
394.3 -50.1 5.2 
399.8 -50.1 4.8 
409.8 -51.2 4.2 
417.5 -51.7 3.8 
423.7 ·. -52.4 3.9 
426.3 -52.5 3.8 
433.7 -52.9 3.8 
438.1 -53.4 3.5 
442.3 -53.7 3.3 
c) T-T = 5 73K c . 
0 0 
12.77 -3.5 9.5 
16.72 -6.4 10.4 
28.56 -8.5 
37.38 -10.7 8.7 
47.60 -13.0 9.7 
59.91 -14.9 - 8. 7 -
76.16 -17.3 7.6 
93.34 -19.4 7.7 
47 
continued 
p \)-\) 0 r 
(Amagat) (GHz) (GHz) 
113.3 -22.4 7.7 
113.3 -22.4 
133.7 -25.9 8.8 
149.1 -27.4 8.9 
166.0 -29.2 9.2 
186.9 -31.4 8.4 
204.3 -33.4 9.3 
228.7 -35.5 9.7 
257.8 -38.6 9.2 
270.5 -39.4 8.6 
291.4 -41.9 7.7 
319.3 -43.7 6.7 
340.6 -45.4 6.2 
355.7 -46.3 5.8 
366.9 -47. l 5.5 
376.2 -47.9· 5.2 
385.4 -48.3 5.6 
393.3 -49 .l 4.7 
399.6 -49.9 4.2 
403.3 -50.5 4. 1 
TABLE 4.3 
List of the relative Raman frequency shift~ (v-v )~and 
0 
the Raman line-width (FWHM)~ data at different densities (p) 
for oxygen (02) at three different temperatures. 
a) For T-T = O.l2K 
c 
b) For T-Tc = 0.95K 
and c) For T-Tc = 7.87K 
48 
49 
a) T-Tc = 0.12K 
p p/pc v-v r 0 
(Amagat) (GHz) (GHz) 
0 0 0 
17.9 0.059 -7.6 
27.2 0.089 -9.8 14.9 
34.1 0.112 -14.2 14.8 
45.6 o. 150 -15.9 15.0 
54.6 0.180 -18.7 13.7 
65.0 0.214 -20.4 13.7 
76.2 0.251 -20.6 14.-0 
92.5 0.304 . -25.8 14. 1 
108.7 0.357 -28.6 15.5 
123.3 0. 405 -30.6 14.7 
139.0 0.457 -32. 9 14.9 
151.9 0.499 -34.7 15.4 
165.9 0.545 -36. 8 15.1 
190.6 0.627 -38.0 16. 9 
215.2 0.707 -39.7 16. 9 
241.0 0.792 -41. 3 17.8 
262.3 0.862 -42.9 18. 1 
276.3 0.908 -44.4 18.0 
283.6 0.932 -46. 7 18.8 
289.2 0.951 -49.9 20. 2 
294.8 0.969 -53. 6 20.3 
299.9 0.986 -55. 8 18.0 
312.8 1.028 -59.1 13. 2 
50 
continued 
p p/pc v-'J 0 r 
(Amagat) (GHz) (GHz) 
323.4 1.063 -60.2 12.2 
332.9 1.094 -60.8 12.0 
343.6 1. 130 -61.5 11.3 
367.7 1.209 -61.8 11.1 
396.7 1. 301 -62.9 10.4 '-
433.3 1.424 -63.6 9.4 
442.8 1.456 -64.4 9.4 
450.6 l. 481 -64.8 8.1 
458.5 1.507 -65.3 8.1 
465.2 1.529 -66.2 8.3 
471.4 1.550 -66.5 7.9 
475.9 1.564 -66.7 6.4 
479.8 1.577 -67.1 7. 1 
483.2 1.588 -67.7 7.5 
486.0 1.598 -67.7 6.8 
b) T-Tc = 0.95K 
p \)-\) r 
0 (Amagat) (GHz) (GHz) 
0 0 
16.25 -6.9 16.8 
26.34 -10.2 16.0 
51 
continued 
p v-v r 0 
(Amaaat) (GHz) (GHz) 
34.19 -13.0 14.8 
44.84 -15.6 14.6 
54.37 -17.7 15. 1 
64.46 -19.3 15.7 
72.30 -21.2 15.3 
88.00 -24.4 14.6 
102.6 -26.7 14.3 
116.6 -28.7 15. 1 
127.8 -30.7 14.8 
143.5 -32.8 15. 1 
155.3 -33.9 14.9 
163.7 -35.3 15.7 
172.6 -36. 7 16. 1 
187.2 -38.3 15.8 
195.6 -39.9 17.3 
228.8 -41.7 17.6 
272.4 -43.8 17.9 
294.8 -45.4 19.0 
309.4 -48.7 18.6 
313.9 -49.4 19.2 
320.6 -50.0 18.4 
329.6 -53. 7 17.0 
337.4 -55. 1 16. 8 
52 
continued 
p \)-\) 0 r 
(Amagat) (GHz) (GHz) 
341 .9 -56.4 15.9 . 
345.3 -56.5 · 15.6 
348.6 -57.8 15.4 
353.1 -58.2 14.€ 
357.6 -57.9 13.9 
392.9 -60.6 11. 3 
408.0 -61.4 11. 1 
417.0 -61.8 10.8 
420.4 -62.1 10.8 
426.5 -62.6 10.5 
438.9 -63.9 8.9 
447.8 -64.3 8.1 
454.6 -64.8 8.6 
464.7 -66.1 7.8 
471.4 -66.6 7. 1 
c) T-T = 
c 
7.87K 
0 0 
13.0 -5.6 17.5 
19.6 -7.8 17.5 
27.0 -10.0 16.4 
34.7 -12.5 16.5 
53 
continued 
p v-v r 0 
(Amagat) (GHz) (G.Hz) 
40.7 -14.2 · 16.fJ ) 
45.5 -15.2 , 16.4 
51.9 -16.4 15.3 
61.0 -18.9 15.2 
70.3 -20.7 15. 1 
78.8 -22.2 14.9 
89.8 -24.2 15.3 
99.0 -26.1 15.5 
107.5 . -27.3 15.4 
116.5 -28.7 14.4 
125.0 -30.4 15.6 
134.0 -31.7 15.5 
142.0 -32.5 14.4 
152.5 -33.9 15.4 
162.5 -35.1 14.9 
170.0 -36.2 14.7 
178.0 -37.2 15. 1 
187.0 -38.6 14.8 
187.0 -38.6 15.1 
193.0 -39.8 14.8 
200.5 -40.0 16.1 
209.5 -41.4 15.5 
224.5 -43.0 15.5 
54 
continued 
p v-v 0 r 
(Amagat) (GHz) (GHz) 
238.0 -44.4 15.6 
247.0 -45.6 15.6 
256.0 -46.6 15. 1 . 
270.5 -48.3 15.4 
299.5 -51 . 8 ' 15.0 
318.8 -54.0 14.2 
TABLE 4.4 
List of the relative Raman frequency shift, (v-v ), and the 
0 
Raman Line-width (FWHM), r, data at different densities (p) for 
carbon monoxide (CO) at four different temperatures. 
a) For T-T = 0. l3K c 
b) For T-T = 3. 46K c 
c) For T-T = 8.92K c 
and d) For T-T == 17.03K c 
55 
56 
a} T-Tc = 0.13K 
p p/pc \)-\) r 0 
(Amagat) (GHz) (GHz) 
0 0 0 
10.20 0.043 -5.6 7.9 
22.50 0.094 -8.7 9.8 
36.00 0.150 -11.5 8.3 
48.4 0.202 -14.3 8.2 
62.00 0.258 -16.0 8.5 
73.20 0.306 -18.0 8.5 
84.50 0. 353 -19.7 8.5 
98.30 0.410 -21.6 9. 1 
113.2 0.473 -23.5 9.3 
123.9 0.517 -24.9 10.0 
132.5 0.553 -26.0 10.7 
142.2 0.594 -26. 7 11.3 
142.2 0.594 -27.2 10.7 
153.4 0.640 -28.4 12. 3 
165.3 0.690 -30. 1 12.9 
250.0 1.043 -31.8 15.5 
305.0 1.273 -34.4 15.9 
311.3 1. 299 -38.7 17.2 
313.4 1. 308 -42.8 13.6 
317. 1 1. 323 -43.3 13.0 
323.2 1. 349 -44.9 12.4 
333.2 1. 391 -46. 3 10.5 
57 
continued 
p PIPe v-v 0 r 
(Amagat) (GHz) (GHz) 
340.0 1.419 -46.6 10.0 
350.9 1.465 -47.9 9.4 
360.5 1.505 -48.6 9.2 
370.8 1.548 -49.5 8.6 
377.1 1.574 -50.0 8.6 
384.0 1.60_3 -50.-4 8.0 
390.8 1. 631 -50.9 7.8 
397.1 1.657 -51.6 7.8 
402.3 1.679 -51.9 7.5 
407.1 1.699 -52.5 7.6 
412.2 1. 720 -52.8 7.2 
416.5 1.738 -53.3 7. 1 
420.7 1. 756 -53.6 6.9 
424.7 1. 773 -54.0 6.8 
b) T-T = 
c 
3.46K 
p \)-\) r 
0 
(Amagat) (GHz) (GHz) 
0 0 
9.90 -5.3 
17.60 -7.9 8.6 
24.30 -9.3 9.2 
31.40 -11.2 9.0 
58 
continued 
p v-v r 
0 
(Amagat) (GHz) (GHz) 
38.80 -12.2 · 9. 1 
47.20 -14.1 > 8.7 
56.20 -15.7 8.4 
67.00 -17.6 7.9 
77.30 -19.0 8.4 
85.60 -20. 1 8.6 
85.60 -20.1 8.8 
95.00 -21.3 8.9 
103.5 -22.3 9.2 
113.2 -23.7 9.6 
124.6 -25.1 10.0 
136.3 -26.5 10.2 
147.1 -28. l 10.7 
164.1 -30.0 11.4 
176.5 -31.3 12.7 
194.4 -33.5 12.8 
224.6 -36.8 13.4 
242.4 -38.2 13.4 
276.4 -41.4 12.1 
285.1 -42.5 11 . 7 
304.5 -44.2 10.4 
321.7 -45.4 10. 1 
329.4 -46.1 9.7 
338.1 -46.6 9.5 
59 
continued 
p v-v 0 r 
(Amagat) (GHz) (GHz) 
342.8 -46.8 9.3 
350.9 -47.6 9.0 
357.8 -48.1 8.8 
363.5 -48.6 8.3 
367.9 -49. 1 8.4 
372.8 -49.5 8.0 
377.3 -49.9 7.8 
380.4 -50. 1 8.1 
384.3 -50.5 7.4 
388.0 -50.9 7.4 
391.3 -51.4 7.4 
394.5 -51.5 7.9 
397.5 -51.7 7.6 
397.5 ...:51.7 7.3 
400.3 -52. 1 7.5 
400.3 -52. 1 7.3 
403.3 -52.5 7.4 
406.2 -52.7 7.4 
406.4 -52.6 6.9 
408.5 -52.8 7.5 
60 
c) T-Tc = 8.92K 
p v-v r 0 (Amagat) (GHz) (GHz) 
0 0 
·o9. 40 -5.4 10.2 
18.00 -7.6 10.1 
27.00 -10.0 8.9 
35.70 -11.9 8.3 
43.90 -13.7 8.4 
53.00 -15.1 8.4 
61.90 -16.5 8.4 
70.60 -18 . l 8.6 
80.3 -19.5 8.8 
90.40 -20.6 8.7 
100.4 -22.3 9. 1 
lll. 7 -23.5 8.5 
124.6 -25.3 9. 1 
139.6 -27.2 9.7 
154.4 -28.8 10.0 
171.8 -31.0 10. 1 
186.9 -32.5 10.5 
205.5 -34.4 10.5 
224.2 -36.4 11.0 
236.5 -37.6 11.0 
247.4 -38.8 11.0 
264.2 -40.5 10.3 
61 
continued 
p v-v r 0 
(Amagat) (GHz) (GHz) 
275.5 -41.6 10.4 
282.4 -42.3 10. 1 
288.8 -42. 7 10.0 
296.9 -43.5 9.4 
311.0 -44.8 9.0 
326.8 -46.5 8.7 
336.7 -47.5 8.3 
345.0 -48.2 8.2 
352.5 -48.7 8.2 
359.2 -49.3 7.8 
d) T-T 
c = 
17. 03K 
0 0 
15.70 -6.4 
26.60 -9. 1 10.2 
37.60 -11. 7 9.4 
48.90 -13.6 8.0 
59.30 -15. 5 8.3 
69.40 - 17.0 8.4 
80.20 -18. 9 8.6 
91.20 -20.5 8. 5 
102.9 -21.7 8.3 
113.2 -23.2 8. 9 
124.4 -24. 8 8. 6 
62 
continued 
p v-v r 0 
(Amagat) (GHz) (GHz) 
136.6 -26.0 8.7 
150.0 -27.4 9.3 
162.3 -29.0 8.6 
176.8 -30.3 9.3 
191.1 -32.1 8.9 
204.3 -33.2 9.0 
218.2 -34.9 9.3 
229.9 -36.2 9.4 
244.0 -37.8 8.9 
254.7 -38.7 8.5 
268.0 -39.4 8.8 
277.9 -40.7 8.8 
FIGURE 4.2 
Plots of relative Raman frequency shift (v-v0 ) vs. density 
(p) for N2 at three different temperatures~ 
i) T-T c = 0.73K 
ii) T-T = 1. 80K c 
and iii) T-T = 5.73K. c 
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FIGURE 4.3 
Plots of relative Raman f~equency shift (v-v0 ) vs. density 
(p) for 02 at three different temperatures, 
i) T-T = 0. l2K c 
ii) T-T = 0.95K c 
and ; ; i) T-T = 7.87K. c 
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FIGURE 4.4 
Plots of relative Raman frequency shift (v-v ) vs. density 
0 
for CO at three different temperatures, 
i) T-T = 0.13K c 
ii) T-T c = 3.46K 
iii ) T-T c = 8.92K. 
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FIGURE 4.5 
Plots of the full-v.tidth at half maximum (FHHM), r, of the 
Raman Q-branch vs. density 
(p ) for N
2 
at three different temperatures, 
i) T-T = 0. 73K c 
i i) T-T = l.80K c 
and iii) T-T = 5.73K. c 
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FIGURE 4.6 
Plots of the full-width at half maximum (FWH~), r, of the 
Raman Q-branch vs. density (p) for o2 at three different temperatures, 
i) T-T = 0. 12K c 
i i ) T-T = 0.95K c 
and iii) T-T = 7. 87K. c 
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FIGURE 4.7 
Plots of the full-width at half maximum (FWHM), r, of the 
Raman Q-branch vs. density (p) for CO at four different temperatures, 
i) T-Tc = O.l3K 
ii) T-Tc = 3.46K 
iii) T-Tc = 8.92K 
and iv) T-Tc = l7.03K. 
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FIGURE 4.8 
(a) Plots of relative Raman frequency shift (v-v ) vs. 0 
density (p) at temperatures T-Tc = 0.73K, 0.12K and O.l3K for 
N2, 02 and CO respectively, 
and (b) corresponding plots of line-width, r vs. density (p). 
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et ~· (49) and have previously been outlined elsewhere (see Appendix 
A). 
(a) Relative Raman shift~ v-v0 
The relative Raman shift~ v-v o' is plotted against density 
(p) and reduced density (p/pc) in Figs. (4.2-4.4~ 4.8a) where pc is 
the critical density. The quan~ity v = v(p, T-T ) is the vibrational 
c 
Raman . frequency at density p and temperature T~ while the quantity 
v
0 
= v(O, T-Tc) is the vibrational Raman frequency for the free 
molecule (p = 0), which is obtained by extrapolation as mentioned 
in the previous section. Since the temperature dependence of 
v(O, T-Tc) is negligible in the range of temperature considered in 
this work, it is reasonable to consider v(O, T-Tc) = v
0
. 
The distinct feature. of the relative Raman shift curves is the 
anomalous behaviour near the critical density (pc) for temperatures 
close to the critical temperatures (Tc). The anomaly diminishes 
away from the critical density and as the temperature is increased 
from the critical temperature the anomaly vanishes considerably 
faster as shown in Figs. (4.2-4.4). It is noted that the peak 
positions are shifted for N2 and CO from the critical density. 
The large uncertainty in measurement of density close to critical 
density (mentioned earlier) may account for this shift, and the 
quantity pee' to be defined later~ should perhaps be close to 
critical density (pc). Another interesting feature of the Figs. 
{4.2-4.4) is the non-linear behavior at densities p<l50 Amagats. 
It \'tas found by May et ~· { l 0) for 1-1 2 (where the Q-branch 
components are well resolved) that for low densities (p<300 Amagats) 
the vibrational Raman frequency is proportional to the density. 
77 
One can expect a departure from this behavior in the present case 
(in case of N2, 02 , & CO where Q-branch components are unresolved) 
because of the .. motional narrowing .. effect discussed in Chapter 2. 
78 
The unresolved Raman Q-branch is highly asymmetrical and this asyemetry 
reduces with increase in density as a result of the motional 
narrowing. At high density ( e.~. p>l50 Amagat in present case) 
the band is highly symmetrical. There is a frequency shift of the 
peak associated with this process in addition to the shift due to 
perturbations in the vibrational frequency. This shift, given by 
(vQ-vQ) as shown in Chapter 2, is responsible for the observed 
non-linear behavior of v-v
0 
in the region p<l50 Amagat. At the same 
time it can be noticed from the Figs. (4.2-4.4) that a linear 
behavior of v-v is exhibited for densities p>l50 Amagat, for the 
0. 
temperatures where critical effects are not evident. A direct effect 
of intermolecular interaction upon the vibrational frequency is 
represented by a linear extrapolation of v-v0 in the region p>l50 
Amagat, shown in Figs. (4.2-4.4) by dashes, considering the facts 
cited above. The calculated values for (vQ-vQ) is given in Table 
(4.1) for N2, 02 and CO, which is the difference between the observed 
frequency shift and the linearly extrapolated value at p = 0. After 
this extrapolation, it is easy to see that apart from the anomaly 
the rest of the v-v0 vs p curve is explainable on the basis of th~ 
equation (2.1). It has to be emphasized that it is the linear 
term in equation (2.1) which is more important in the present 
situation with a small contribution due to the second, quadratic, 
term at high density which is evident from the curvature of the N2 
and CO curves at high densities and temperatures. 
To account for the anomaly a quantity 6v is defined as 
( 4.1) 
where, TM stands for the temperature farthest from Tc (in this 
experiment) and T is any temperature between Tc and TM. This 
quantity (6v) represents the difference in relative Raman shifts 
between the temperatures T and TM. It has positive as well as 
negative values for 02 and N2 at T-Tc = 0.12K and T-Tc = 0.73K 
respectively, while it has only positive values for CO at all 
temperatures {Fig. (4.4)) and at other higher temperatures for 02 
and N2 {Figs. (4.2, 4.3)). The relative Raman shift on the basis 
of equation (2.1) can be written as 
v-v = r a (T)p0 
o n n 
(4.2) 
Before an attempt is made to explain the anom~ly one should 
consider the short-range nature of the intermolecular interactions 
with a range parameter of order 1 nm (44) and the large density 
fluctuations close to the critical temperature. Based on these 
facts it is convenient to introduce the idea of •local density•, 
ploc' which corresponds to a volume of (1 nm) 3• It is the local 
density to which a single Raman scattering event is sensitive 
rather than the bulk density. With the introduction of the •local 
density' idea and the density fluctuations near Tc' one can think 
of a density distribution function P(ploc). The relative Raman 
shift in the critical region can be given, on the basis of equation 
(4.2), by 
. n 
v-v = I a (T)<pl > 
o n n oc 
(4.3) 
79 
where~<> means average over P(p 1 ). From the figs. (4.2-4~4)~ oc 
it is noted that apart from the anomaly the curves for different 
temperatures overlap quite nicely. This indicate negligible 
temperature dependence of a (T) in the present case~ and it is 
n 
consequently assumed an(T) +an for small n. Then the quantity 
~v can be written as · 
~v = (v-v ) - (v-vo)T r n - r n = a < pl > an p o T n oc M n n 
or ~v = r a (<p~ > - pn) 
n n oc 
(4.4) 
To see whether this expression can account for the positive as well 
as negative values of ~v~ at least a few orders of equation (4.4) 
have to be considered. The first order is found to be zero~ as 
Since, the average of local density is nothing but the bulk density. 
The second order gives, 
where, M2 is the second moment of the density distribution which 
is always positive~ and the experimental data indicate a2 > 0. 
Similarly, the third order gives, 
· where, M3 = <(ploc-p)
3> is the third moment which can be either 
positive or negative, while the sign of a3 is indeterminate. 
Therefore, the contribution to ~v due to three orders is, 
80 
and one must go at least this far to obtain an expression which 
predicts possible negative values of ~v. It can thus be inferred 
that non-zero values of M3 play a key role in this respect. It 
is now necessary to emphasize that from the data of relative Raman 
shift it is the constant a1 which is most important and consequently 
can be determined accurately. The higher order constants (a3 in 
particular) are almost impossible to determine accurately from the 
data. Furthermpre~ it is not possible to say how many orders are 
needed to adequately . account for the positive as well as negative 
~v. 
81 
At this point it is clear that if the anomaly is to be interpreted 
(even if qualitatively), some different ideas are to be introduced. 
In the above discussion it was found that it is M3 (third moment) 
which could be responsible for negative values of ~v. On this basis 
one can think of a density distribution function, P(ploc), which is 
asymmetric particularly for bulk density close to p . 
c 
At this point then the concept of molecular clusters is introduced, 
and fluctuations in ploc are considered to be caused by formation 
of these clusters. In the simplest approach one can make a sharp 
distinction between two species of molecules, namely, clustered 
and unclustered, and thereby also differentiate between the local 
density of unclustered molecules and the internal cluster density. 
The number and size of the molecular clusters are expected to be 
very small for low bulk density and an increase is expected with 
increasing density. Again for simplicity, consider the density 
FIGURE 4.9 
Suggested model for the density distribution function P(ploc) 
involving unclustered molecules (solid curves) and clustered 
molecules (dotted curves): 
(a) for bulk density p l , 
(b) for bulk density p2>pl, 
(c) for bulk density p3>p2., 
(d) for bulk density P4"-'Pcc' 
and (e) for bulk density p5>p . cc 
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distribution function P(ploc) to consist of two separate Gaussian 
distributions for unclustered molecules and clustered molecules 
as shown in Fig. (4.9). A suggested evolution of the distribution, 
P(ploc), with bulk density, p, is also illustrated and, of course, 
in general the distribution is asymmetric. It is suggested by 
Clouter et al. (49) , that a cluster condensation occurs at a particular 
bulk density pee (corresponds to vertical dashes in Fig. (4.9)) which 
is characterized by a large and sudden change in the mean life 
time of the clusters (Tc). As a consequence of the above it is 
expected that in the region of the anomaly for P~Pcc the un~lustered 
molecules give rise to the sharp component in the Raman spectrum 
accompanied by a very broad and weak component due to the clustered 
molecules, where as for p>pcc the sharp component is due to the 
clustered molecules accompanied by a broad and weak contribution 
due to unclustered molecules, as shown in Fig. (4.10). Since, the 
effect of cluster-formation in the region p<pcc is to make more room 
for unclustered molecules and hence to reduce ploc for unclustered 
molecules, therefore, the relative Raman shift is expected to be 
less than those obtained using p (bulk density}, this can account 
for positive ~v. In the region p>pcc the internal cluster density 
is greater than p, therefore, one expects to observe a relative 
Raman shift greater in magnitude than obtained using p, thus 
accounting for negative ~v. A sharp change in v-v
0 
can well be 
attributed to the cluster condensation which reverses the roles 
of clustered and unclustered molecules. The whole process is 
pictorially shown in Fig. (4.10}. Any increase in density beyond 
the anomalous region will eventually make the mean internal cluster 
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FIGURE 4.10 
Suggested synthesis of the Raman Q-branch intensity 
distribution due to unclustered molecules and clustered molecules 
is shown for ~ensities close to pee· 
(a) Intensity distribution due to unclustered molecules 
(solid curve) and due to clustered molecules (dotted curve) at 
bulk density p<p . 
cc 
(b) Intensity distribution due to unclustered molecules 
(solid curve) and due to clustered molecules (dotted curve) at 
bulk density p>p . 
cc 
(c) Indi~ates how the frequency shifts of the individual 
components due to unclustered and cl_ustered molecules near Pee 
can give rise to anomalous behavior in (v-v0 ) vs. p curve. 
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density equal to the bulk density and hence the anomaly will disappear. 
Based on the ideas introduced above the anomaly has, in 
particular, been discussed in more detail for o2 in the Appendix A. 
It is noticed that the effect of being farther from T is more on 
c 
the negative part of 6v, this implies that the number of clusters 
and their lifetime decreases, in other words, the mean internal 
cluster density quickly approaches the bulk density, which is 
evident in the Figs. (4.2-4.4). 
In the case of N2, 6v has positive as well as negative yalues 
(like in · 02) at T-Tc = 0.73K, and T-Tc = 1.80K, while it has only 
positive values at T-Tc = 5.73K as shown in Fig. (4.2). It is 
found that in the case of CO there is absence of negative 6v even 
for T-Tc = 0.13K. This can perhaps be understood for two reasons, 
i) the value assumed for Tc may be greater than the actual value 
(there is a discrepancy of about ±O.lK in the value of Tc for CO 
in the literature and ii) the mean internal cluster density in 
case of CO quickly becomes equal to the bulk density even for 
T-T = O.l3K. 
c 
It is expected that the negative 6v can be found 
for CO also if Tc were approached more closely. 
To further extend the ideas introduced earlier for a qualitative 
interpretation a very simple calculation is presented as a first 
approximation. It is assumed in the most simplified way that 
P (loc) is a a-function in each of the ranges, p<pcc and p>pcc· 
A few quantities are defined as follows, 
~ _ intetnal cluster density, assumed as a constant (approximately), 
c = mean number of molecules per cluster, 
"' ~c =mean number of clusters per unit volume V, 
N = mean number of molecules per unit volume, it is nothing but 
.bulk density. 
Nc/N = n, cluster concentration. 
Considering the fore said assumption and equation (4.2), the relative 
Raman shift v-v0 for clustered molecules will have only a first 
order term, namely, 
for a1 = a 
"' = an 
Similarly, for unclustered molecules one can write 
"' "' 
(v-v ) = a 0 u 
"' "'"' ' • J "' • • (N·- - cN~)/(1 ·. ~ntfc'ri!rl') 
(4.5} 
(4.6) 
where, (N cNc) = mean number of unclustered molecules per unit 
volume, 
"' (1 Ncn/rl') = fraction of unit volume available to unclustered 
molecules 
"' and, Ncn/n = fraction of unit volume occupied by clusters. 
The equation (4.6) can be re-written as 
"' "' {v-v ) = arl' N(l - cn)/(1\' -- Ncn) l4~1) 
0 u 
where, en = fraction of molecules in cluster form. Now, ~v in the 
region p<p , considering the a-function assumption is given by 
cc 
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FIGURE 4.11 
Shows the occurrence of the anomaly in ~v vs. Ps given by 
the equations (4.8) & (4.9). ~v is contribution due to 
u 
unclustered molecules and ~vc is that due to clustered molecules. 
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~vu = lal N {l - ~ (l - en)/(~ - Ncn)} (4.8) 
> 0 
~ 
where~ (v-v0 )~ = aN . Similarly~ in the region p>pcc~ with the 
help of equation (4.5), 
= (v-v )~ - (v-v ) 
o N o c 
and 
~ 
6vc = Ia I (N - ~) ~ 0 (4.9) 
From the equations (4.8) .and (4.9) it is easy to see that a plot 
of 6v and p = N will look like a curve as shown in Fig. (4.11). 
It is noted that both the positive as well as negative feature of 
6v is evident even after such an over-simplification of the problem 
by assuming a o-function distribution. This supports the ideas 
introduced for at least a qualitative interpretation of the anomaly 
in the relative Raman frequency shift studies. 
(b) Line-Width (FWHM), r 
The full-width at half maximum (FWHM), r(p, T-T ), at 
c 
temperature T, of the Raman Q-branches for N2, o2 & CO molecules 
is plotted against density (p) and reduced density (p/p ) in Figs. 
c 
(4.5-4.8). A quantity 6f is defined as, 
6r = r(p, T-T ) 
c 
(4.10) 
where, T and TM are same as in the case of 6v. Similar to 6v, 
6r can also have oositive as well as negative values. It is 
noticed from the Figs. (4.5-4.7) that br has negative values only 
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for 02 at T-Tc = O.l2K~ while for N2 and CO only positive values 
of 6r are evident. 
It is pointed out in Chapter 2 that the process of motional 
narrowing is of greatest importance in the present context. 
Consequently~ it is expected from the theory of motional narrowing 
{23-25)~ discussed in Chapter 2~ that the Raman Q-branch line-
width should vary approximately as p-l in the density range where 
the band is symmetrical {p>l50 Amagat in this experiment). The 
anomalous behavior exhibited in the Figs. (4.5-4.7) is in contra-
92 
diction to the behavior expected fo.r-the motional narrowing pheno~enon. 
This anomaly in width can also be interpreted (at least qualitatively) 
in terms of the ideas of 'local density' and 'cluster formation'~ 
already introduced in the previous section. 
Similar to the case of 6v, it is the local density of the 
unclustered molecules which is perhaps responsible for the Raman 
line-width in the positive 6r region. For P~Pcc~ the presence of 
clusters tends to decrease the local density of unclustered molecules, 
as mentioned in the previous section. As a consequence, the 
Raman line-width (because of the ·p-l dependence) will be greater 
than expected due to the bulk density. Increasing the bulk density 
(in the region p<p ) may further increase the cluster concentration 
cc 
with negligible effect on the cluster life time Tc' and this leads 
to a further decrease in the local density of unclustered molecules, 
and hence a further increase in the line-~tidth. This accounts for 
the positive values of 6r, at the same time it is evident from the 
Figs. (4.5-4.7) that the width r(p, T-Tc) is relatively greater 
-(in region close to pee) than the extrapolated -value at p = 0, 
(i.e., r(O, T-Tc). This is not explainable in terms of the 
motional narrowing phenomenon. 
To account for this behavior it is proposed by Cl outer et ~· . 
(49} th~t ~h~ life time effects of unclustered molecules should 
be introduced. A quantity Tu is defined' as the average life time 
of the unclustered molecules. If T is the 'cluster life time' c . 
than one can assume that: 
}u = (1/nc - l) T<; (4.11) 
where, nc is the fraction of molecules in cluster form. The 
contribution to the line-width due to Tu will be of the from, 
where, ru is defined as the line-width due to Tu. If the line-
width due to motional narrowing phenomenon determined by local 
density of unclustered molecules is denoted by r~N' then the total 
line-width in region p<pcc can be approximated by, 
u 
r = rMN + ru (4.13) 
If it is assumed, as mentioned above, that an increase in the bulk 
density in region p<pcc has the effect of an increase in cluster 
concentration (with negligible effect on Tc) then it has a two-
fold effect on the line-width. Firstly, a decrease in ploc of 
unclustered molecules leads to an increase in the line-width as 
93 
discussed earlier; secondly an increase in the cluster concentration 
94 
leads to a decrease in Tu (eqn. (4. ll))~ which in turn leads to 
a further increase in the Raman line-width (see eqn. (4.12)). This 
accounts for the Raman line-width being greater than the extrapolated 
value at p = 0. 
It has already been suggested that ,at pee the role of unclustered 
molecules is reversed by that of the clustered molecules and there 
is a sudden large change in the cluster life time leading to cluster 
condensation. This is consistent with the sharp decrease in line-
width at p . 
cc 
In the region p >pcc~ the Raman line-width consists of two 
contributions namely~ i) r~N' the motional narrowing contribution 
due to the mean internal cluster density and ii) r , the cluster 
c 
life time contribution. Therefore, the total width in the region 
p>p can again be approximated by: 
cc 
(4.14) 
Since, the mean internal cluster density is greater than the bulk 
density, r~N will be less than the width due to the bulk density 
(determined by motional narrowing), r~N· To have a negative value 
of ~r, as observed for 02 at T-Tc = O.l2K (Fig. (4.6)). The 
condition (r~N + rc) < r~N is necessary. It is expected that in 
the case of 02 for T-Tc = O.l2K, the cluster life time Tc is 
large enough near pee (in region p>pcc) so as to contribute very 
little to rc. This in turn may lead to the condition (r~N + rc) 
< r~N~ giving rise to the observed negative value of ~r for 02. 
There are no negative values of ~r observed at T-Tc = 0.95K or 
higher for o2 or for any temperature in the case of N2 and CO. 
This would mean that the condition (r~N + rc) ~ r~N is probably 
fulfilled If in 02 (at T-Tc = O.l2K), N2 (at T-Tc = 0.73K) 
and CO (at T-Tc = 0.13K) it is assumed that for densities very 
close to pee (p>pcc) the cluster life time ~c is small enough to 
contribute significantly to the width rc then the condition 
95 
(r~N + rc) ~ r~N may be full filled leading to the observed results. 
An interesting feature of the data presented in Figs. (4.5-4.7) 
is the persistence of a broad maximum even for the highest temper-
atures where no critical effects are evident. This is in contra-
diction to what is expected on the basis of motional narrowing 
· theory (p-l dependence) for higher densities. This effect could 
be attributed to the presence of Vander Waal's molecules, which 
are expected to exist even at such high temperatures (49). If it 
is assumed that the concentration of such molecules is determined 
mainly by temperature while their life times by density, then the 
observation of the broad maximum in the Raman line-widths, with 
no such effect in relative Raman shift data, can be understood 
~asily. As for the above assumption it is the life time of 
Vander Waal's molecules which is mainly responsible for the 
broad maxima at a certain temperature. 
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APPENDIX A 
Anomalous Behavior in the Vibrational Raman Spectrum of Oxygen 
under Near-Critical Conditions 
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(Received 24 February 1978) 
The isothermal density dependence of both the shift and width of the Raman Q branch 
in ox-ygen gas have been found to exhibit anomalous behavior under near-critical condi-
tions. The observed effects are interpretable in terms of moleuclar-cluster formation. 
and it is concluded that the Raman effect is a potentially valuable probe of density fluc-
tuations in the critical region. 
The density-dependent effects of intermolecular 
forces upon the vibrational Ratpan spectra of gas-
es have been the subject of extensive experimen-
tal and theoretical work. 1 As a result, these ef-
fects are now fairly well understood for values 
of reduced temperature (T/Tc) greater than about 
2. In the present context the essential points are 
(i) that at low densities the resolved structure of 
the pure vibrational Raman spectrum is charac-
terized by frequency shifts which arc predomi-
nantly linear in the density/ and {ii) that at suf-
ficiently high densities this polarized Q branch 
is subject to a narrowing process where the width 
varies as the inverse of the density. 3 In this Let-
ter we present new experimental results for 0 2 
gas in the neighborhood of its critical point where 
the influence of density fluctuations may be re-
sponsible for departures in the behavior of the 
polarized spectrum from that CA-pected on the bas-
is of previous work. As a consequence we sug-
gest that such experiments are capable of pro-
viding significant information regarding the na:.. 
ture of these fluctuations. 
The data, which are presented graphically in 
Fig. 1, were obtained using previously described 
interferometric techniques. 4 The e),.-perimental 
errors in the determination of the relative fre-
quency shift and the width are estimated to be 
± 2% and± 7%, respectively. Gas densities were 
determined using published PVT dat.."l/ the ab-
solute temperature ancl pressure being measured 
within limits of± 0.02 K and± 0.07 bar, respec-
tively. It is recognized that the resulting uncer-
tainty in the densit.>r may be considerable in the 
neighborhood of the critical density6 (304 amagnt). 
However, in this prelimin~Lry report we wish to 
emphasize the qualitative Ieattu·es of the obsel'va-
tions, it being considered highly iraprobable that 
experimental errors could accotmt for tne anom-
alous, and quite rcproducil>lc, behavior which oc-
1170 © 197 8 The A mer i~.:,tn Physical Society 
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FIG. 1. High-resolution data showing the behavior of 
the Raman Q br~ch of 0 2 gas in the critical region (pc 
= 304 amagat). (a) The peak frequency shift relative to 
the value at zero d3nsity (v 0), as a function of density; 
(b) the full \~idth at half-maximum, as function of densi-
ty. Measurements were made using a scanning Fabry-
Perot interferometer with a spectral free range of 
110.7 GHz and afinesse of~ 70. The maximum attain-
able density forT- T c = 7.87 K was determined by the 
pressure limitations of the sample cell. See text for 
discussion of the linear extrapolation to p == 0 in (a). 
curs for T- Tc < 2 K. This comment is directed 
in particular at the occurrence of a sharp maxi-
mum in the line\vidth data of Fig. 1(b); such a 
phenomenon is not amenable to eX'i)lanation in 
terms of possible gravity-induced density gradi-
ents, for example. In addition, we point out that 
considerable care was taken to ensure, insofar 
as possible, that equilibrium conditions were es-
tablished for each measurement. Each pair of 
data points in Fig. 1 represents an average ini-
tial waiting period of - 1 h followed by a spectrum 
accumulation time of- 2 h. 
The vibrational Raman frequencies, v(p, T- Tc), 
are plotted relative to th.e value for p = 0 (which 
was obtained by e)..i:rapolation), the temperature 
dependence of the latter quantity being negligible 
over the- 8-K range so that v(O, T- Tc)= v0 • As 
discussed below, the nonlinear behavior of the 
data at low densities (p < 150) is to be expected 
on the basis of known effects already treated in 
the literature; it is the nonlinear, dispersionlike 
behavior in lhe region 150 <P < 440 which is of 
primary interest here. Figure l(a) demonstrates 
the essential characteristics of this phenomenon; 
in particular, it is only readily observable for 
T- Tc < 1 K. A similar comment also applies to 
tthe linewidth data of Fig. 1(b): The broad maxi-
mum which occurs in the region 150 <P < 440 for 
T- Tc > 1 K quite abruptly develops into a very 
sharp maximum for T- Tc < 1 K. The correlation 
between the behavior of the shift and width is also 
apparent, and a vertical dashed line has been 
drawn in Fig. 1 to emphasize this point for the 
case ofT- Tc = 0.12 K. 
Additional data not shown in Fig. 1 include a 
corresponding series of intensity measurements; 
and, in this connection, we emphasize an impor-
tant characteristic of Fabry-Perot spectrometry 
as employed in these experiments; A spectral 
contribution whose width is greater by about an 
order of magnitude than the component being ex-
amined will occur only as a background level re-
garding which very little information can be ex-
tracted. 4 However, since the Q-branch scatter-
ing is highly polarized, it was readily verified 
that a subsi:.:'lntial contribution to the Q-branch in-
tensity was contained within the above-mentioned 
backgrOtmd. These n:1easurements were per-
formed under conditions of lo·west practical reso-
lution7 with the scattered light restricted by filter-
ing to a bandwidth of- 5000 GHz, centered at v 0 • 
It is consequently concluded that the complete 
spectrum of the polarized Raman scattering in-
cludes not only the sharp component to which the 
data of Fig. 1 apply~ but also a contribution whose 
width is greater by at least an order of magnitude. 
The intensity of the polarized background rela-
tive to that at the peak of the sharp component at 
T- Tc = 0.12 K was fotmcl to exhibit a distinct min-
imum in the same narrow density range where 
the corresponding width of Fig. 1(b) reached a 
maximum, i.e., for p=290. 
Published data2 for 1I2 at 85 K, for example, 
show that the vibrational Raman shuts are pro-
portional to density in the region p < 300 where 
the individu..'Ll Q-branch components (of H2 ) are 
well resolved. In the present case of 0 2 the (zero~ 
density) Q-branch structuro is tmresolvable and 
the departure from linear behavior for p < 150 is 
to be e)..1>ectecl on the basis of current theories3 's 
1171 
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of the particul:u 7110lional-IUZ1Towing phenomenon 
which becomes important when the frequency of 
rotationally inelastic collisions is comparable (in 
appropriate units) to the vibration-rotation inter-
action energy. The narrowing which occurs with 
increasing density is accompanied by a change in 
the shape of the band from its characteristic 
asymmetrical form at very low densities9 to a 
highly symmetrical form for p > 150. The shift 
in the peak frequency which is associated with 
the latter process is also responsible for the non-
linear behavior of v- 110 in the region p. < 150. It 
is to be noted that the. shift data for T- Tc =7 .87 
K exhibit the anticipated linear dependence on 
density for p > 150 and, as a matter of interest, 
Fig. l(a) includes a linear extrapolation to zero 
density which, we feel, represents the direct ef-
fects of intermolecular interaction upon the 0 2 
vibrational frequency when critical effects are 
negligible. 
Any interpretation of the previously described 
anomalous· behavior must recognize the essential 
short-range nature of the intermolecular inter-
actions involved. The range parameter is, in 
fact, of order 1 nm, 10 so that the density to which 
a single Raman-scattering event is sensitive 
should rnost appropriately be identified as a "lo-
cal density," P 1oc, corresponding to a volume ele-
ment of -1 nm3 , rather than the bulk density, p. 
Consequently, under near-critical conditions, 
one can sensibly expect that fluctuations in p 1 oc 
will play a key role in accounting for the observed · 
bepavior of the Raman spectrum. 
In the follo'Ning discussion, attention is focused 
on the observations for T- Tc = 0.12 K and, for 
convenience, \ve define the quantities t;.,.v=v(p, 
0.12)- -v(p, 7. 87) and t;.,.r ::;T(p, 0.12) - r (p, 7 .87), 
which have positive and negative values through-
out approxhnately the same density ranges, name-
ly, 150 <P < 300 and 300 <P < 440, respectively. We 
associate fluctuations in p 1 oc with the formation 
of molecular clusters, · and suggest that a cluster 
condensation occurs near the critical density, Pc· 
The basis of our interpretation is the assumption 
that this cluster condensation can be character-
ized in part by a large and sudden change in the 
mean cluster lifetime, T. As a consequence, the 
sharp component which is observed in the high-
resolution Raman spectrum behaves as a selec-
tive detector of (i) unclusterecl molecules in the 
t;.,.v > 0 region and (ii) clustered molecules in the 
t;.,. -v < 0 region. This proposal and the ensuing 
ideas are, we feel, substantiated in an important 
way by the intensity measurements previously 
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described. 
At the low-density 'extreme of the t;.,. v > 0 region, 
one can argue (i) that the fraction ll, of 0 2 mole-
cules which occur in cluster form, as well as ihe 
size of any such clusters, will be small, and 
(ii) tJ1at T may be comparable to the mean colli-
sion time. Under these conditions, any Raman 
scattering from clustered molecules will be weak 
and conceivably recogaizable only as a background 
contribution to the high-resolution spectrum be-
cause of its large, lifetime-limited width. The 
sharp spectral component which is observed in 
this region can thus be associated with unclus-
tered moelcules, and the principal (observable) 
effect of cluster formation will be the indirect one 
of giving rise to a decrease in the local density 
of these unclustered molecules. This, in turn, 
will give rise to observed relative Raman shifts 
which are lower in magnitude than those expected 
from a linear dependence on bulk density. If a 
small increase in p is now associated primarily 
with an increase inn, there being no great change . 
in T, the effect upon the shift will be enhanced so 
that the quantity, t;.,.v, can be expected to increase 
in magnitude with a positive sign, as observed. 
As implied above, the cluster condensation may 
be regarded as reversing the roles of clustered 
and unclustered molecules due to a sharp in-
crease in' T; that is, for p >Pc, n may approach 
unity and most of the molecules are presumed to 
occur in the form of relatively long-lived clusters 
of large size. The Raman scattering from un-
clustered molecules then becomes very broad 
and weak so that the observed component be-
comes, in effect, a probe of the internal cluster 
densities which, being higher than the bulk den-
sity, can account for the negative values of 6-v. 
As the bulk density is further increased it will 
eventually approach the mean inte:J;"nal-cluster 
density at which point the effect should disappear, 
again in accordance with observations for p ~ 440. 
It has been demonstrated4 ' 8 ' 11 that vibrational 
dephasing processes represent the most impor-
tant contribution to the linewidth at the highest 
densities in the saturated liquid. In the present 
case, however, it is most probable that, of the 
processes which have been discussed in the liter-
ature, it is the motional-narrowing mechanism 
which is of greatest import...t.nce. Consequently, 
the width can be e>...-pected3 to vary approximately 
as p- 1 when the density is sufficiently high so that 
the Q-branch profile is symmetrical, i.e., for 
p > 150 in the case of 0 2 • This behavior is obvi-
ously not reflected in the data of Fig. 1(b), but 
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ideas already introduced are consistent with the 
observed behavior. 
Given that in the ~r > 0 region it is the local 
density of unclustered molecules which should 
determine the width of the observed Raman line, 
then, because of its inverse density dependence, 
the linewidth should indeed be greater than ex-
pected on the basis of a bulk density calculation. 
However, this effect cannot account for the fact 
that r exceeds its (ex-trapolated) zero-density 
value over a considerable part of this region, so 
that some additional contribution is apparently in-
volved. In this connection, one can naively define 
a quantity T' representing the average time dur-
ing which a typical 0 2 molecule is not part of a 
cluster. The equilibrium requirement, n/(1 -n) 
= T'/T, then leads toT'= (n - 1 -l)T, whence it is 
apparent that T' can be expected to decrease with 
with increasing p in this region provided, _and as 
frreviously asswned, that n increases substantial-
ly with p while there is no great change in T. 
Such a decrease iJl T' may consequently account 
for the additional contribution to r. 
The sharp decrease in linewidth which occurs 
near Pc is clearly consistent with the presumed 
natw·e of the cluster condensation as already 
outlined. In addition, the existence of a t.r < 0 
region is to be e>..-pected if the linewidth in this 
region is not limited by cluster-lifetime consid-
erations. Such being the case, r could be deter-
mined primarily by the (mean, internal) cluster 
density via the motional-narrowing process; 
i.e., the associated inverse density dependence 
together with a mean local density which is high-
er than the bulk value could give rise to negative 
values of ~r. 
An additional interesting feature of the line-
width data of Fig. l(b) is that an approximate p - 1 
dependence is not apparent even at temperatures 
as high as .T- Tc =7.87 K, whereas v(p) reverts 
to the expected linear behavior for T- Tc > 2 K. 
It seems reasonable to attribute the persistence 
of a broad maximum in r(p) to the presence of 
small, residual clusters in the form of van der 
Waals molecules, which indeed can be expected 
to exist at even higher temperatures. If it is as-
sumed that the fractional concentration of these 
van der Waals molecules is determined by tem-
perature rather than density, while the converse · 
is ture of their mean lifetime, then their mani-
festation via r(p) is understandable within the 
framework of the ideas already advanced. It 
would therefore appear that it is the distinction 
between the processes of small- and l:lrge-clus-
ter formation which is of essential importance 
here. 
It should be emphasized that the segregation of 
molecules into two distinct species, namely, 
clustered molecules and other molecttles, repre-
sents but an initial attempt to accmmt for the 
gross features of the anomaly. It is hoped that a 
better understanding of the anomaly will result 
from experiments which are now in progress to 
examine more carefully the broad-band charac-
ter of the polarizec} scattering using a grating 
spectrometer. These results, together with cor-
responding high-resolution data for N2 and CO, 
will be presented in a more comprehensive pub-
lication to appear in the near future. 
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